Variation in transgene expression levels can result from uncontrolled differences in experimental protocols. Studies conducted over generations could, by their design, generate additional unwanted variation. To study sources of spurious variation, transgene expression levels were quanti®ed over ®ve homozygous generations in two independent transgenic rice lines created by particle bombardment. Both lines contained the same gus expression unit and had been shown to exhibit stable inheritance of transgene structure and expression. All plants were cultured and sampled using previously developed standardized protocols. Plants representative of each generation (T 2 , T 3 , T 4 , T 5 , T 6 ) were grown either all together or across several different growth periods. GUS activity in plants from different generations was quanti®ed either in the same assay or over multiple independent assays. Strategies in which plants were grown and phenotyped independently, signi®cantly increased (up to 3-fold) extraneous variation in transgene expression level quanti®cation, thus reducing the precision of molecular genetic studies and generating artefactual results in transgenic studies conducted over generations. Identi®cation of sources of unwanted variation and quanti®cation of their effect allowed the development of new strategies designed to control spurious variation. Growth and phenotyping of all plants from all generations together, using standard operating procedures (SOP), led to a reduction in extraneous variation associated with transgene expression level quanti®cation. Adoption of such strategies is key to improving the reproducibility of transgenic studies conducted over generations.
Introduction
Studies conducted over generations are key to assessing transgene behaviour in plants. Generational studies of transgene expression have been conducted in cereal crops, including rice transformed by direct DNA transfer (Fujimoto et al., 1993; Goto et al., 1993; Peng et al., 1995; Duan et al., 1996; Pawlowski and Somers, 1996; Kumpatla and Hall, 1998; Vain et al., 1999 Vain et al., , 2002 or by Agrobacterium-mediated transformation (Mohanty et al., 1999; Wu et al., 2002; Vain et al., 2003) . The majority of generational studies, however, have focused on the qualitative evaluation of transgene expression levels when assessing the segregation of the transgene phenotype (Shimamoto et al., 1989) or gene silencing phenomenon (Iyer et al., 2000) . More rarely have transgene expression levels been quanti®ed over generations in plants (Mlyna Ârova Â et al., 1996; U È lker et al., 1999) . The precise quanti®cation of transgene expression levels is important when comparing plants with different ploidy levels (Duan et al., 1996; James et al., 2002) , or for the identi®cation of stable transformation events for crop improvement or molecular genetic studies. Precision in the quanti®cation of transgene expression levels over generations could be affected by uncontrolled variation associated with experimental or environmental factors. The assessment of transgene performances in multiple environmental conditions can be desirable in some large-scale crop improvement programmes, but uncontrolled environmental variations are generally unwanted in most molecular genetics studies. It has previously been shown that spurious variation could be introduced as a result of differences in plant culture conditions, sampling or analysis strategy (James et al., 2004) and that the adoption of standard operating procedures (SOP) can minimize this spurious variation. In studies conducted over several generations, plants from each generation are commonly grown and analysed together, but independently from subsequent generations (Srivastava et al., 1996; Fearing et al., 1997; Bettany et al., 1998) . Such an experimental design could serve to amplify extraneous variation on the quanti®cation of transgene expression levels associated with multiple and independent growth periods and phenotypic analyses.
In previous studies of transgene expression levels in rice (Vain et al., 1999 James et al., 2002 James et al., , 2004 , it was observed that the coef®cient of variation (standard deviation/mean) associated with populations of homozygous rice plants from the same generation and transformation event, grown and analysed independently, was approximately 35±45%. When all plants were grown together and phenotyped together, the coef®cient of variation could be reduced to approximately 10±15% (James et al., 2004 ). This represented the lower limit to the measured variation in transgene expression levels, using a standard operating procedure (SOP, James et al., 2004) , at a given generation in rice. Additional variation above this baseline of 10±15% (coef®cient of variation) is likely to limit the precision of transgenic studies in rice. In this study, the aim was to develop strategies for the quanti®cation of transgene expression levels across generations in rice with low baseline variation (CV=10±15%).
In order to investigate the impact of different strategies on quantifying transgene expression levels over several generations in rice, homozygous plants from two independent transformation events were studied. Transgene activity was quanti®ed in plants grown either together (G) or at different times (g), phenotyped either together (A) or at different times (a). It was shown that strategies in which plants were grown and phenotyped independently could signi®cantly increase unwanted variation in transgene expression level quanti®cation, reduce the precision of molecular genetic studies, and generate artefactual results in transgenic studies conducted over generations. Identi®cation of the sources of unwanted variation and quanti®cation of their effect allowed the development of new strategies designed to control spurious variation. Adoption of such strategies was key to improving the reproducibility of transgenic studies conducted over generations.
Materials and methods
Rice plant culture and sampling African elite rice (Oryza sativa L.) variety ITA212 was cotransformed by particle gun bombardment with plasmid pJIC201 (ubi-5¢region::aphIV::SoyT) and plasmid pGA984 (ARS1MAR:: CaMV35S::gus::nosT::ARS1MAR) as previously described (Vain et al., 1999; Allen et al., 1993) . All plants were grown and sampled following a standardized protocol to minimize spurious variation associated with plant culture conditions or sampling procedures (James et al., 2004) . Plant progenies were germinated from mature embryos on MSR6H50 medium , containing hygromycin selection. After 3 weeks in vitro, plants were transferred to soil (3 kg (pH 5.6) loam, 2 kg horticultural sand, and 0.5 kg pouzzolane) in a fully controlled environment growthroom with a 12 h photoperiod, 28/24°C day/night, 90% humidity, 1000 mE s ±1 at 1 m light intensity provided by Osram HQI 400WD lamps.
Six homozygous plants from two independent transformation events (H10 and H24) were grown at each of ®ve generations (T 2 , T 3 , T 4 , T 5 , T 6 ), giving a set of 60 plants (see Fig. 1 in the Results and discussion). For each transformation event, two homozygous T 1 plants were identi®ed, each derived from a different T 0 plant. Three T 2 plants were grown from each homozygous T 1 plant and used to establish six homozygous lines (HLs) per transformation event. The six HLs from each transformation event were maintained by single seed descent, germinating one seed from each plant at each subsequent generation. At each generation, transgene inheritance patterns were con®rmed as Mendelian (data not shown) and transgene expression levels were quanti®ed by¯uorometric GUS assay. Leaf samples (3 cm in length) were collected in the middle of the day, 3 cm from the tip of the newest leaf (®fth leaf, 15 cm size) of single-tiller plants at the ®ve-leaf stage, just prior to emergence of the sixth leaf. Samples were stored at ±70°C until required for enzymatic assay (James et al., 2004) .
Enzymatic assay of GUS activity
Quantitative¯uorometric analysis for b-glucuronidase activity was carried out according to Jefferson et al. (1987) on leaf tissue from rice plants at the ®ve-leaf stage. Fluorescence was measured using a Titertek Fluoroskan II after 0, 30, and 60 min incubation. Each assay was performed in triplicate. Protein content was determined using a Bio-Rad protein assay kit. Data were expressed as pmoles of 4-methylumbelliferone (MU) min ±1 mg ±1 of extracted protein. A background¯uorescence of 35T4 pmol MU min ±1 mg ±1 protein (mean Tinterval of con®dence, P <0.05, n=50), based on measurements from leaf samples not containing the gus transgene present in each assay, was subtracted from all¯uorometric GUS activity values obtained from transformed plants.
Statistical analysis
Statistical analyses, following the requirements of each test, were performed using Minitab 13.1 and Genstat 6 software packages. Normality of data sets was evaluated using the Anderson Darling test. Since the variance of transgene expression level was strongly dependent upon the mean (Vain et al., 1999 , the variation within each population was assessed using the coef®cient of variation (CV=standard deviation/mean). CVs were compared using Levene's test on data expressed as a percentage of the mean (Vain et al., 1999) . Data were subjected to analysis of variance (ANOVA).
Results and discussion
In¯uence of different strategies on quanti®cation of transgene expression levels in rice over generations Transgene expression levels were quanti®ed over ®ve generations (T 2 to T 6 ) in homozygous plants from two independent transformation events (H10 and H24) containing the gus transgene¯anked by ARS1 MARs. H10 and H24 were chosen as they exhibited different levels of gus expression (around 3-fold) from the same transgene construct (pGA984). Both lines contained a single transgenic locus and were considered stable with respect to transgene structure and expression for more than two generations . A set of 60 homozygous plants was studied (Fig. 1 ). All plants were grown and sampled following a standardized protocol to minimize spurious variation associated with plant culture conditions or sampling procedures (James et al., 2004) . As in most studies conducted over generations, the plants from each independent generation (T 2 , T 3 , T 4 , T 5 , T 6 ) were grown in different growth periods. Two leaf samples were collected from each plant, one to be assayed at the time of collection (independent assays, gan) and the other stored at ±70°C until all samples were available for assay together (gAn). Assuming that no extraneous variation in transgene expression levels is associated with independent growth periods and assays, no effect of generation, T 0 plant or HL would be expected.
Experimental strategies are described using the following codes to indicate differences in growth period and enzymatic assay: growth period, G (same growth period), g (different growth periods);¯uorometric enzymatic assay, A (same assay), a (independent assays); normalization of uorometric data, N (normalized data), n (raw data).
Quanti®cation of transgene expression levels over several independent assays (gan) resulted in high levels of variation between plants from different generations of the same transformation event (Fig. 2) . The average GUS activities at each generation for H10 ranged from 1236± 2590 pmol MU min ±1 mg ±1 extracted protein and the coef®cient of variation between generations was 28% ( Table 1 ). The average GUS activities at each generation for H24 ranged from 3176±7152 pmol MU min ±1 mg ±1 extracted protein and the coef®cient of variation between generations was 29% (Table 1 ). In this strategy of . Quanti®cation of transgene expression levels over ®ve homozygous generations in rice plants using three different strategies (gan, gAn and gaN): g, different growth periods; A, same enzymatic assay; a, independent enzymatic assays; N, normalized data; n, raw data. T 2 ±T 6 : generations. H10 and H24 are two stable independent transformation events. GUS activity in pmol MU min ±1 mg ±1 extracted protein (data detailed in Table 1 ). Each curve represents the average GUS activity at different generations for the six HLs studied for H10 and H24 (Fig. 1) . Bars represent the standard error of the mean calculated from the residual mean square in ANOVA (representing combined variability).
performing enzymatic assays at the time of sample collection (gan), any effect of generation on transgene expression levels could be due, in part, to differences in growth period and assay. The combined effect of generation, growth period and independent assay had a signi®-cant effect on GUS activity in both H10 (P <0.001, ANOVA) and H24 (P=0.002, ANOVA). For both independent transformation events (H10 and H24), it seemed that transgene expression levels increased over successive generations up to T 4 before stabilizing. In fact, further studies on the same plants using alternative analysis protocols revealed this pattern to be an artefact due to the phenotyping strategy employed (see gAn and gaN below).
It has previously been shown that, among rice plants of the same generation, multiple independent phenotypic analyses were a major source of spurious variation in transgene expression level quanti®cation (James et al., 2004) . To assess the effect of multiple phenotyping in transgenic studies across generations better, leaf samples from the H10 and H24 plants, previously grown in independent growth periods, were enzymatically assayed together (gAn). Variation in average GUS activity between generations was greatly reduced compared with measurements from independent assays (gan) (as illustrated by thē atter curves in Fig. 2 ). The average GUS activities at each generation for H10 (assayed together) ranged from 1893± 2889 pmol MU min ±1 mg ±1 extracted protein and the coef®cient of variation between generations was 20% ( Table 1 ). The average GUS activities at each generation for H24 (assayed together) ranged from 6541±8479 pmol MU min ±1 mg ±1 extracted protein and the coef®cient of variation between generations was 10% (Table 1) . In this strategy (gAn), the effects of growth period and generation could not be distinguished, since each individual generation was grown in a different growth period. The combined effect of generation and growth period had a signi®cant in¯uence on transgene expression levels in transformation event H10 (P=0.02, ANOVA), but not H24 (P=0.535, ANOVA). By contrast with the previous strategy involving multiple phenotyping (gan), no increase in transgene expression levels across generations was observed (Fig. 2) . Since the leaf samples assayed in both studies (gAn and gan) were collected from the same plants at the same time, it shows that multiple phenotypic analyses can introduce spurious variation to transgene expression level quanti®cation over generations. The experimental strategy of performing all enzymatic assays together reduced the level of unwanted variation in the assessment of transgene expression levels over generations, as observed previously for large-scale transgenic studies at a single given generation (James et al., 2004) . However, some spurious variation was still observed (line H10).
An alternative strategy to compensate for performinḡ uorometric assays at independent times was to normalize the data from independent assays to several internal control samples (gaN). Normalization of¯uorometric data (gaN) appeared to offer some bene®t over the use of raw data (gan), but did not reduce variation between generations to the extent achieved by phenotyping all samples together (gAn) (Fig. 2) . The pro®le of the normalized expression level data (gaN) plotted over generations represented an intermediate result between the two previous strategies (gan and gAn). The average GUS activities at each generation for H10 ranged from 1657±2765 pmol MU min ±1 mg ±1 extracted protein and the coef®cient of variation between generations was 22% ( Table 1 ). The average GUS activity for each generation for H24 ranged from 4744±6466 pmol MU min ±1 mg ±1 extracted protein and the coef®cient of variation between generations was 12% (Table 1) . Following normalization of¯uorometric data, the combined effects of generation, growth period, and independent assay showed a signi®cant effect on GUS activity in H10 (P=0.003, ANOVA), but not H24 (P=0.39, ANOVA). Overall, there was a signi®cant difference in the levels of GUS activity measured using the three strategies (H10 P=0.01, H24 P <0.001, ANOVA). Artefactual differences between generations were also reduced using the gAn (assay together) or gaN (normalization) approach when compared with gan (independent assays). The strategy for quanti®cation of transgene expression levels is therefore critical when analysing the same set of plants. Independent phenotyping, in particular, can introduce spurious differences between generations. In the literature, most studies involving analysis of transgene expression levels over several generations used an experimental strategy whereby plants from each generation were grown and analysed at independent time points (Srivastava et al., 1996; Fearing et al., 1997; Bettany et al., 1998) . The results of the present study show that such an experimental strategy could signi®cantly in¯uence transgenic studies. It is therefore important to quantify precisely and to minimize as much as possible the spurious variation associated with independent growth periods and phenotyping in order to attain precision in transgene expression level quanti®cation.
Minimizing the effects of growth period and multiple phenotyping in transgenic studies over generations The in¯uence of growth period and independent phenotypic analysis on transgene expression level quanti®cation in this study suggested that a strategy involving growth and analysis of all plants together (GAn) should provide the greatest precision. To test the robustness of this approach, four replicates of the complete set of the 60 plants from transformation events H10 and H24 were grown (each set as described in Fig. 1 ). Sets 1 and 2 were grown in growth period 1 and sets 3 and 4 were grown in growth period 2. Transgene expression levels were quanti®ed in plants from each of the four complete sets together, but independently from the three replica sets. Within each set, plants from all generations were thus grown and assayed together (GAn). All plants were grown and sampled following a standardized protocol to minimize spurious variation associated with plant culture conditions or sampling procedures (James et al., 2004) . Plants were evenly distributed in a controlled environment room and leaf samples were evenly positioned in each¯uorometric GUS assay to minimize intra-assay variation. This experiment, comprising four sets of 60 homozygous plants, also allowed the effects of different growth periods (two) and independent assays (four) to be reassessed with increased precision.
Average GUS activities over generations are represented in Table 2 and Fig. 3 . Within each set, where plants from all generations were grown and assayed together (GAn), there was no signi®cant difference in GUS activities between plants of different generations, from each independent transformation event (P >0.05, ANOVA; Fig. 3 ). This showed that the GAn strategy could be reliably used to assess transgene expression levels across generations. Repetition of the GAn strategy across two independent growth periods and four independent phenotyping analyses did not generate signi®cant levels of spurious variation in expression studies across generations. The coef®cients of variation among generations within each set varied from 6% to 14% (GAn, Table 2) compared with 28% or 29% among generations assayed independently (gan, Table 1 ). The expected CV among homozygous plants of the same line and generation germinated and assayed at the same time was 10±15% (i.e. the lower limit to the measured variation in transgene expression levels, using a standard operating procedure, SOP, James et al., 2004) . These data suggest that variation among homozygous plants representing different generations of the same transformation event is no greater than variation among plants of the same generation. It also demonstrates that spurious variation in transgene expression levels can be minimized by adopting strategies controlling both growth period and phenotypic analysis.
Analysis of all data from both transformation events (H10 and H24, growth periods 1 and 2, assays 1±4) revealed a signi®cant effect of growth period (P=0.020, ANOVA) and independent assay (P=0.019, ANOVA) on the quanti®cation of transgene expression levels as previously reported (James et al., 2004) . In transgenic studies conducted across generations, such effects can accumulate with each generation, leading to misinterpretation of expression level data (see gan in the ®rst section of this paper). In this study, growth periods 1 and 2 were only a few weeks apart and the two enzymatic assays of plants from each growth period were performed within a short period of time. It is likely that even greater effects would have been observed had the growth period and phenotypic analyses been separated by longer time intervals. The effect of growth period was dif®cult to determine since all samples from each independent assay had been grown in the same growth period. Analysis of factor interactions showed that growth period alone had a more limited effect than independent analyses in generating spurious variation in the quanti®cation of transgene expression levels.
Conclusions
Accurate measurement of expression levels over generations is important in identifying transformation events exhibiting stable transgene behaviour for molecular genetic studies or crop improvement. Any experimental strategy that increases spurious variation in transgene expression level quanti®cation will consequently reduce the precision of transgenic studies. Artefacts resulting from differences in experimental protocols can be more easily introduced and more pronounced when plants from one generation are grown and analysed together, but independently from each subsequent generation (gan). Such an experimental strategy could potentially double or triple the variation in transgene expression level measurements compared with a strategy where plants are grown and analysed together (i.e. CVs from around 10% for GAn to around 30% for gan). In rice, differences in growth period and phenotypic analysis were shown to have signi®cant effects on the quanti®cation of transgene expression levels. In fact, the variation in transgene expression levels among plants of different generations was similar to the background level of variation expected among plants of the same generation, when both growth and analysis were controlled. The problems encountered in generational studies of transgene expression are similar, but more pronounced, than those previously observed in large-scale transgenic studies at a given generation (James et al., 2004) . It is foreseeable that phenotypic analyses such as bioassays, which are more complex than simple enzymatic assays used in this study, could generate even more spurious variation when conducted independently across generations.
Normalization of¯uorometric data to several controls can compensate for the effect of performing independent analyses. In this study, normalization of¯uorometric data from plants grown and assayed independently (gaN) clearly reduced the variation in GUS activity between generations. Normalizing all values to a control population that itself has a degree of variation associated with it, however, may be disadvantageous when only limited uncontrolled variation exists between independent assays. This work shows that studies of transgene expression levels over generations can be signi®cantly in¯uenced by unwanted and uncontrolled variation introduced by experimental protocols and strategies. Following a given protocol does not guarantee elimination of spurious variation and, therefore, misinterpretation in generational transgenic studies, if the major sources of unwanted variation have not been previously identi®ed, their effect quanti®ed, and new protocols designed to limit their effect. The best Fig. 3 . Quanti®cation of transgene expression levels over ®ve homozygous generations in rice plants using a strategy designed to minimize spurious variation (GAn). G, Same growth period; A, same enzymatic assay; n, raw data. GUS activity in pmol MU min ±1 mg ±1 extracted protein (data detailed in Table 2 ). Set 1: assay 1, growth period 1; Set 2: assay 2, growth period 1; Set 3: assay 3, growth period 2; Set 4: assay 4, growth period 2. Within each set, the plants from all generations were grown and assayed together (GAn). H10 and H24 are two stable independent transformation events. Bars represent the standard error of the mean calculated from the residual mean square in ANOVA (representing combined variability).
experimental strategy that has been identi®ed to reduce spurious variation in transgene expression level quanti®c-ation over generations involves the standardization of plant culture conditions and sampling methods (James et al., 2004) as well as growth of all plants together and phenotypic analysis of all samples together. Despite not ®tting the natural time-course of plant studies over successive generations, this strategy is important for precision when comparing transgene expression levels. When growth and phenotypic analysis of all plants together is not feasible, normalization of the data set and statistical analysis taking into account growth period and phenotyping are required. It is suspected that the general rules established in this study for rice could be used as a guideline for transgenic studies across generations in other plant species. The development of standard operating procedures (SOP) for the quanti®cation of transgene expression levels over generations is a key step to improving the reproducibility, and therefore the quality assurance, of transgenic studies.
